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PREFACE 


The  work  described  in  this  report  was  authorized  under  Project  No.  OOP-0082. 
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The  use  of  either  trade  or  manufacturers’  names  in  this  report  does  not  constitute 
an  official  endorsement  of  any  commercial  products.  This  report  may  not  be  cited  for  purposes 
of  advertisement. 

This  report  has  been  approved  for  public  release.  Registered  users  should  request 
additional  copies  from  the  Defense  Technical  Information  Center;  unregistered  users  should 
direct  such  requests  to  the  National  Technical  Information  Service. 


3 


Blank 


4 


CONTENTS 


INTRODUCTION . 7 

EXPERIMENTAL  PROCEDURES . 8 

Samples . 8 

NMR  Spectroscopy . 9 

RESULTS  AND  DISCUSSION . 10 

CONCLUSIONS . 17 

LITERATURE  CITED . 19 


5 


FIGURES 


1 .  Compounds  Spiked  in  OPCW  Sample . 9 

2.  500  MHz  'H  Sub-spectra  of  D20-exchanged,  Concentrated  Spiked 

Sample  and  Authentic  Reference  Standard  Samples  for  I  and  II . 11 

3.  'H-*^C  HSQC  Sub-spectra  of  D20-exchanged,  Concentrated  Spiked 

Sample  and  Authentic  Reference  Standard  Samples  for  I  and  II . 13 

4.  Multiplicity-edited  'H-*^C  HSQC  Sub-spectrum  of  D20-exchanged, 

Concentrated  Spiked  Sample  and  Corresponding  'H-*^C  Fast- 

HMQC  Sub-spectrum . 15 

TABLE 

'^C  Chemical  Shift  Values  Derived  from  'H-'^C  HSQC  Spectra . 14 


6 


TRACE  LEVEL  DETECTION 

OF  CHEMICAL  WEAPONS  CONVENTION  COMPOUNDS 
BY  TWO-DIMENSIONAL  '-^C-NMR  SPECTROSCOPY 
USING  A  CRYOGENIC  PROBEHEAD  AND 

'h-detection  techniques 

1.  INTRODUCTION 

The  Chemical  Weapons  Convention  (CWC),  which  banned  the  development, 
production,  stockpiling,  and  use  of  chemical  weapons,  was  first  made  available  to  state 
governments  on  January  13,  1993.  The  Convention  was  ratified  by  the  65*’’  state  in  November 
1996  and  entered  into  force  the  following  April,  thereby  creating  the  Organization  for  the 
Prohibition  of  Chemical  Weapons  (OPCW).'  Under  the  terms  of  the  CWC,  each  signatory  state 
or  country  must  designate  at  least  one  national  authority  laboratory,  which  has  to  participate 
annually  in  an  international  proficiency  test  overseen  by  the  OPCW.  In  the  tests,  participating 
laboratories  must  identify  target  compounds  spiked  at  trace  levels  in  various  matrices  such  as 
water,  soil,  rubber,  and  paint  within  a  15  day  timeframe.  Because  of  its  high  sensitivity  and 
ability  for  coupling  to  chromatographic  techniques  such  as  gas  or  liquid  chromatography,  mass 
spectrometry  has  been  the  primary  analytical  technique  used  in  OPCW  proficiency  tests. 
Although  NMR  spectroscopy  is  less  sensitive,  more  sophisticated  NMR  techniques  have  proved 
valuable  in  previous  proficiency  tests. Criteria  for  the  NMR  identification  of  target  analytes 
are  based  on  comparisons  of  sample  spectra  to  reference  data,^  from  either  spectral  libraries  or 
spectra  acquired  from  an  OPCW  test  sample  spiked  with  an  authentic  reference  compound. 
Library  spectra,  therefore,  must  be  recorded  under  identical  conditions  of  solvent,  temperature, 
concentration,  and  H^  concentration  in  the  case  of  aqueous  samples.  For  the  spiking  of  authentic 
reference  compounds  into  test  samples,  the  participating  laboratory  must  be  able  to  synthesize  all 
possible  compounds  within  the  imposed  time  limit.  These  criteria  are  highly  challenging,  and 
NMR  spectroscopy  has  been  used  most  often  to  contribute  supporting  information  to  confinu 
results  obtained  from  other  analytical  techniques. 

Because  of  its  high  sensitivity  in  comparison  to  other  nuclei,  'H  spectroscopy 
typically  plays  a  significant  role  in  the  NMR  efforts  of  OPCW  proficiency  tests.  'H-NMR 
spectroscopy,  however,  suffers  from  narrow  chemical  shift  dispersion,  often  leading  to 
overlapping  signals  in  spectra.  Liquid  chromatography  can  be  coupled  to  NMR  spectrometers 
for  separating  target  analytes  from  interfering  compounds,  or  each  other,  but  the  resulting  sample 
dilution  lowers  the  already  trace  analyte  concentrations  to  those  well  below  minimal  detection 
limits.’  ^'P  spectroscopy,  on  the  other  hand,  has  an  inherently  wide  chemical  shift  dispersion  and 
has  been  successfully  used  in  several  OPCW  tests;^  '^  however,  OPCW  target  analytes  do  not 
always  contain  phosphorus  nuclei.  ’’C  spectroscopy  also  has  inherently  wide  chemical  shift 
dispersion,  but  its  very  low  natural  abundance  and  small  magnctogyric  ratio  afford  the  technique 
very  poor  sensitivity.  Much  of  this  sensitivity  loss  can  be  recovered  by  'H-detected  ’’C 
spectroscopy,  but  the  trace  concentrations  of  target  analytes  in  test  samples  typically  eliminates 
even  this  approach  as  an  option.  Historically,  ’’C  spectroscopy  has  been  considered  an 
ineffective  tool  in  the  analysis  of  OPCW  test  samples,  even  with  significant  sample 
concentration. 
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A  number  of  sophisticated  polarization  transfer  pulse  sequences  have  been 
recently  developed  to  allow  the  observation  of  'H  nuclei  scalar  coupled  to  a  particular 
heteronucleus  while  effectively  suppressing  unwanted  background  signals  at  the  same  time. 
Among  these,  inverse-detected  two-dimensional  correlation  pulse  sequences  offer  great  potential 
for  the  detection  of  small  molecule  analytes.  Particularly  for  'H-'^C  correlation  spectroscopy, 
two-dimensional  heteronuclear  single  quantum  correlation  (HSQC)  experiments  typically  give 
spectra  with  good  information  content  and,  in  some  cases,  unambiguous  identification  analytes 
are  possible.  The  original  HSQC  experiment*  has  been  refined  and  modified  a  number  of  times 
over  the  years,  and  today,  has  culminated  into  a  highly  sensitive  technique.^'”  Heteronuclear 
multiple  quantum  correlation  (HMQC)  pulse  sequences  have  also  been  successfully  exploited  for 
detecting  'H-'^C  correlations. 

Like  the  HSQC  technique,  the  original  HMQC  experiment*^  has  been  modified 
over  the  years  to  increase  detection  sensitivity.  Ross  and  co-workers have  integrated  Ernst 
angle  excitation  pulses'"*  and  very  fast  repetition  rates  (time  between  the  first  pulse  of  one 
acquisition  to  the  first  pulse  of  the  next  acquisition)  into  the  HMQC  pulse  sequence  to  allow  very 
sensitive  detection  and,  therefore,  considerably  shorter  data  acquisition  times.  Their  fast-HMQC 
pulse  sequence,  for  example,  allowed  the  acquisition  of  a  two-dimensional  'H-’^N  correlation 
spectrum  for  a  1  mM  protein  sample  in  only  37  s,'^  enabling  real-time  monitoring  of  protein- 
ligand  interactions  for  the  first  time. 

We  have  overcome  the  problem  of  ’^C  detection  for  trace  concentrations  of  CWC- 
related  analytes  by  using  a  sensitivity-enhanced  cryogenic  probehead  for  executing  two- 
dimensional  ’H-detected  '^C  spectroscopy.  Heteronuclear  single  quantum  correlation  and  fast- 
HMQC  experiments  were  used  to  verify  the  tentative  identifications  of  two  target  analytes  from 
an  OPCW  proficiency  test  sample.  In  general,  the  approach  represents  a  tremendous 
enhancement  of  signal  specificity  and  detection  sensitivity  over  conventional  *^C  NMR 
spectroscopy.  To  our  knowledge,  the  results  described  herein  are  the  first  *^C  data  reported  for  a 
proficiency  test  sample  in  OPCW  history. 


2.  EXPERIMENTAL  PROCEDURES 

2. 1  Samples 

A  spiked  sample  was  provided  by  the  Republic  of  China  as  part  of  the  2U'  OPCW 
Official  Proficiency  Test.  This  was  an  aqueous  sample  of  polyethylene  glycol  containing  three 
target  analytes  (Figure  1 ):  2-(A,A-Diisopropylamino)  ethanesulfonic  acid  (I)  at  5  pg/mL,  bis(2- 
Diisopropylaminoethyl)  disulfide  (II)  at  10  pg/Ml,  and  2-(7V-ethyl-7V-isopropylamino)  ethanol 
(III)  at  10  pg/mL.  The  sample  also  contained  other  low  molecular  weight  compounds  that  were 
not  identified.  Three  aliquots,  ~5  mL  each,  were  separately  exchanged  three  times  in 
1  mL  D2O  using  a  stream  of  gaseous  nitrogen  over  the  aliquots  held  at  35  °C  to  evaporate  the 
D2O  to  near  dryness.  Each  exchanged  aliquot  was  reconstituted  in  600  pL  D2O  and  transferred 
to  a  5  mm  NMR  sample  tube  (Catalog  no.  XR-55-7,  Norell,  Inc.,  Landisville,  NJ)  for  NMR 
spectroscopy.  Authentic  reference  standards  of  I  and  II,  also  provided  by  the  Republic  of  China, 
were  individually  diluted  in  D2O  to  ~200  pg/mL  and  transferred  to  individual  5  mm  NMR 
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sample  tubes  for  NMR  analysis.  All  the  samples  were  stored  at  4-8  "C  and  they  displayed  no 
signs  of  degradation  after  four  weeks. 


Figure  1.  Compounds  Spiked  in  OPCW  Sample. 


2.2  NMR  Speetroseopy 

All  NMR  spectroscopy  was  conducted  at  11.75  T  with  an  Avanee  DRX  500 
spectrometer  (Bruker  Biospin  Corp.,  Billerica,  MA),  using  a  5  mm  TCI  probehead  (inversc- 
dctcction  configuration)  with  a  z-axis  gradient  eoil.  The  probehead  contained  eryogenieally- 
eooled  'H  and  '  C  receiver  eoils  and  preamplifier  stages  to  significantly  reduce  thermal  noise  and 
enhance  sensitivity.  Experiments  were  conducted  at  25  ±  0.2  °C  with  samples  spinning  at 
20  Hz  for  one-dimensional  experiments  only.  Data  acquisition  and  processing  were  controlled 
with  XWIN-NMR  (Bruker  Biospin  Corp.)  software  on  Irix  (Silicon  Graphics,  Ine.,  Mountain 
View,  CA)  computer  workstations.  'H  and  '^C  chemical  shift  values  were  referenced  to  external 
tctramethylsilanc. 

Onc-dimensional  'H  spectroscopy  incorporated  a  presaturation  pulse  to  reduce  the 
intensity  of  the  residual  HOD  signal.  For  the  concentrated  samples,  free  induction  decay  data  of 
65,536  complex  points  were  summations  of  64  acquisitions  using  90°  pulse  widths,  15  ppm 
spectral  windows,  and  10  s  relaxation  delays.  'H  spin-lattiee  relaxation  time  (T])  values  were 
estimated  with  an  inversion  recovery  pulse  sequence  for  the  optimization  of  two-dimensional 
experiments.  Data  sets  for  the  authentic  reference  standards  were  identical,  except  for  the 
summation  of  16  acquisitions.  All  data  sets  were  multiplied  by  an  exponential  window  function 
with  a  0.1  Hz  line-broadening  factor  before  Fourier  transfonnation  (FT)  into  spectra  and  manual 
phase  eorreetion  into  pure  absorption  mode. 

H-  C  HSQC  speetroseopy  was  conducted  using  a  pulse  sequence  incorporating 
the  selection  of  phase  coherence  with  pulsed  field  gradients,'^  '^  sensitivity  enhancement  via 
refoeusing  of  orthogonal,  in-phase,  'H  magnetization  components  before  detection,"  and  an 
ccho-antieeho  time  proportional  phase  incrementation  scheme'*^  for  generating  phase  sensitive 
spectra.  The  data  set  collected  for  the  eoneentrated  samples  contained  128  'H  free  induction 
decays,  each  with  2048  complex  points  from  144  acquisitions  using  3  s  relaxation  delays. 
Spectral  windows  of  10  ppm  were  used  in  the  direct  'H  dimension  and  220  ppm  in  the  indirect 
'^C  dimension,  resulting  in  a  total  acquisition  time  of  16  h  51  min.  'H-'^C  HSQC  data  sets  for 
the  authentic  reference  standard  samples  were  acquired  identically,  except  for  the  summation  of 
64  acquisitions  per  'H  free  induction  decay.  A  multiplicity-edited  'H-"C  HSQC'^  data  set 
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collected  for  one  of  the  concentrated  samples  contained  128  ’H  free  induction  decays,  each  with 
2048  complex  points  from  224  acquisitions  and  2  s  relaxation  delays.  Spectral  windows  of  5  and 
100  ppm  were  used  in  the  *H  and  '^C  dimension,  respectively,  giving  a  total  acquisition  time  of 
19  h  24  min.  For  all  HSQC  data  sets,  the  *H  free  induction  decay  data  were  multiplied  by  an 
exponential  window  function  with  a  4  Hz  line-broadening  factor  before  FT.  The  resulting  '^C 
free  induction  decay  data  were  extended  to  256  complex  points  using  a  linear  prediction 
algorithm,^^’^'  and  were  then  zero-filled  to  a  full  2048  complex  points.  These  data  were 
multiplied  with  a  sine-squared  window  function  before  final  FT  into  a  spectrum  of  1024  x  1024 
real  points. 


'H-’^C  HMQC  spectroscopy'^  was  conducted  using  the  fast-HMQC  pulse 
sequence  reported  by  Koskela  and  co-workers,^  with  Jqh  optimized  for  145  Hz  and  all  gradient 
pulse  intensities  optimized  for  the  selection  of  'H-'^C  zero-  and  double-quantum  phase 
coherence.  This  pulse  sequence  uses  an  Ernst  angle  excitation  pulse  and  a  repetition  time 
optimized  to  give  the  maximum  detection  sensitivity;  ’  for  our  fast-HMQC  experiment,  these 
values  were  80“  and  204  ms,  respectively  (see  the  Results  and  Discussion  section  below).  The 
data  set  contained  256  'H  free  induction  decays,  each  with  2048  real  points  from 
256  acq^uisitions,  and  used  10  ppm  spectral  windows  in  the  'H  dimension  and  200  ppm  windows 
in  the  dimension.  The  pulse  sequence  incorporated  128  dummy  scans  to  give  a  total 
acquisition  time  of  4  h  29  min.  The  indirect  *^C  dimension  was  zero-filled  to  1024  points,  and 
both  dimensions  were  multiplied  by  a  sine-squared  window  function  before  FT  and  magnitude 
calculation  into  a  spectrum  of  2048  x  1024  real  points. 


3.  RESULTS  AND  DISCUSSION 

Efforts  to  identify  target  analytes  in  the  spiked  sample  (Figure  1)  relied  on  gas 
chromatography  coupled  to  mass  spectrometry  (GC-MS)  and  NMR  spectroscopy.  The  NMR 
data  were  used  to  augment  the  interpretation  of  mass  spectra  and  confirm  assignments  to  specific 
analytes.  Initial  NMR  examination  of  one  of  the  concentrated  samples  generated  the  'H 
spectrum  shown  in  Figure  2a.  Two  signals,  one  from  residual  HOD  (not  shown)  and  another  at 
3.6  ppm  from  polyethylene  glycol,  dominate  the  spectrum.  Other  than  the  two  doublet  signals 
between  1.1 -1.3  ppm  indicative  of  the  methyl  protons  of  /-propyl  groups,  the  spectrum  is 
populated  with  low  intensity  signals  impossible  to  assign  without  additional  information.  Gas 
chromatography-mass  spectrometry  analysis  of  the  original  spiked  sample  gave  mass  spectra 
most  consistent  with  I,  II,  and  III.  Assignments  of  the  /-propyl  groups,  however,  were 
problematic,  as  it  is  not  possible  to  distinguish  between  n-  and  /-propyl  groups  in  mass  spectra 
obtained  in  either  standard  mode  (electron  impact  or  chemical  ionization).  Consequently,  the 
groups  were  assigned  solely  from  the  NMR  spectrum  shown  in  Figure  2a.  Gas  chromatography- 
mass  spectrometry  analysis  of  the  concentrated  sample  could  not  detect  III,  indicating  that  it  was 
lost  during  sample  preparation.  Therefore,  I  and  II  were  tentatively  assigned  to  the  concentrated 
sample. 
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Figure  2.  500  MHz  'H  Sub-spectra  of  a  D20-exchanged,  Concentrated  Spiked  Sample  (a),  and 
Authentic  Reference  Standard  Samples  for  I  (b)  and  11  (c). 


'H  spectra  of  the  authentic  reference  standard  samples  for  I  and  II  are  shown  in 
Figures  2b  and  c,  respectively.  For  our  laboratory,  the  standards  were  supplied  with  the  spiked 
sample  as  we  were  evaluating  this  particular  proficiency  test.  Participating  laboratories  would 
purchase  the  compounds  commercially,  or  synthesize  them  sometime  within  the  15  day 
timeframe  of  the  test.  Comparison  of  the  reference  standard  spectra  to  that  for  the  concentrated 
sample  (Figure  2a)  reveals  the  degree  to  which  signal  overlap  obscures  and  masks  target  analyte 
signals.  None  of  the  methine  or  methylene  signals  for  I  and  II  can  be  identified  in  the 
concentrated  sample  spectrum,  even  though  their  exact  chemical  shift  values  can  be 
unambiguously  derived  from  the  reference  standard  spectra. 

To  confirm  the  assignments  of  I  and  II,  HSQC  spectra  were  collected  for 

the  concentrated  as  well  as  the  authentic  reference  standard  samples  for  I  and  II.  The  resulting 
spectra,  presented  in  Figures  3a,  b,  and  c  demonstrate  clearly  that  both  I  and  II  are  present  in  the 
concentrated  samples.  For  both  compounds,  each  of  the  four  correlations  has  identical  and 
chemical  shift  values  in  the  spectra  for  the  concentrated  samples  and  those  for  the  reference 
standard  compound  spectra;  these  are  compelling  confirmatory  data! 

In  contrast  to  their  one-dimensional  counterpart  (Figure  2a),  the  HSQC  spectra  of 
the  concentrated  samples  eliminate  nearly  all  of  the  signal  overlap  and  allow  the  simultaneous 
measurement  of  both  'H  and  '^C  chemical  shift  values  from  a  single  spectrum.  For  example, 
even  in  cases  where  a  one-dimensional  analysis  could  detect  the  signals  for  the  methylene 
groups  of  I  and  II  in  the  concentrated  samples,  the  overlap  between  them  could  never  be 
resolved.  The  corresponding  correlations,  however,  are  clearly  resolved  in  the  HSQC  sub¬ 
spectrum  shown  in  Figure  3a.  Additionally,  one-dimensional  'H  analyses  of  a  concentrated 
sample  would  not  resolve  the  overlap  between  the  N-CH2  signals  of  I  and  II;  but  again,  their 
corresponding  correlations  are  completely  resolved  by  our  HSQC  experiment.  While  'H-'H 
correlation  spectroscopy  or  nuclear  Overhauser  effect  spectroscopy  experiments  could  have  also 
resolved  overlapping  signals  in  the  'H  spectrum  and  provided  'H  chemical  shift  information  in 
less  time,  measurement  of  the  '^C  chemical  shift  values  would  not  have  been  possible.  '^C 
chemical  shift  values  measured  from  the  HSQC  spectra  are  listed  in  the  Table. 
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Figure  3.  HSQC  Sub-speetra  of  D20-exchanged,  Concentrated  Spiked  Sample  (a),  and 

Authentic  Reference  Standard  Samples  for  I  (b)  and  II  (c).  Correlations  from  I 
and  II  are  red  and  green,  respectively. 
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Table.  '^C  Chemical  Shift  Values  Derived  from  HSQC  Spectra* 


Compound 

-NCH2- 

-CH2S- 

1 

X 

u 

1 

X 

u 

1 

I 

42.5 

46.9 

55.3 

17.8 

II 

45.7 

34.9 

52.1 

17.2 

*  Chemical  shift  values  are  ppm  referenced  to  tetramethylsilane. 


The  extraordinary  sensitivity  provided  by  use  of  the  cryogenic  probehead  together 
with  'H-detection  appears  essential  for  detecting  correlations  for  I  and  II  in  the 

concentrated  samples.  The  correlations  could  not  be  detected  by  implementing  the  HSQC  or 
HMQC  pulse  sequence  with  a  conventional  probehead,  and  the  analyte  '^C  signals  were  not 
detected  by  one-dimensional  spectroscopy  using  the  cryogenic  probehead  for  overnight 
acquisitions,  even  when  employing  polarization  transfer  or  nuclear  Overhauser  effect 
enhancement  for  improving  sensitivity.  We  attribute  these  results  to  the  extreme  dynamic  range 
presented  by  the  concentrated  sample,  which  imposes  the  requirement  of  a  much  lower  receiver 
gain  for  data  acquisitions  than  could  be  used  if  the  sample  contained  only  the  target  analytes. 
The  HOD  signal  in  the  Fourier  transformed  *H  free  induction  decays  of  the  HSQC  data,  for 
example,  was  ~58,000  fold  larger  than  the  methylene  and  methine  signals  from  I.  Based  on  the 
spiking  levels  for  the  original  sample,  this  compound  is  estimated  at  ~25  pg/mL  in  the 
concentrated  samples,  with  II  at  ~50  pg/mL.  Correlations  for  the  N-CH2  group  of  I  and  the  S- 
CH2  group  of  II  are  the  least  intense  of  all  analyte  correlations  in  the  HSQC  spectrum.  Each  has 
a  signal-to-noise  ratio  of  4:1.  Defining  the  theoretical  limit  of  detection  at  the  usual  3:1  signal- 
to-noise  ratio,  a  limit  of  detection  at  19  ppm  can  be  estimated  from  the  N-CH2  correlation  of  I. 
This  most  likely  represents  a  conservative  estimate  as  the  concentration  estimate  for  I  in  the 
concentrated  samples  assumes  100%  recovery  during  the  three  solvent  exchanges. 

The  HSQC  pulse  program  was  chosen  principally  for  its  sensitivity  enhancement 
and  improved  resolution  afforded  by  its  phase  sensitive  data  sets.  However,  other  ’H-detected 
*^C-spectroscopy  techniques  are  available  which  can  also  be  used  for  trace  analysis  applications. 
Figure  4a  is  a  sub-spectrum  resulting  from  the  use  of  a  multiplicity-edited  HSQC  pulse  sequence 
for  acquiring  a  data  set  from  one  of  the  concentrated  samples.  The  figure  illustrates  the 
additional  structural  information  obtained  by  using  multiplicity-editing;  each  positive-phased 
correlation  results  from  a  methine  or  methyl  group  while  negative-phased  correlations  are  the 
result  of  methylene  groups  only.  Moreover,  not  only  are  the  multiplicities  of  the  methylene  and 
methyl  groups  of  I  and  II  easily  discerned,  but  five  methylene  groups  from  interfering 
compounds  are  clearly  identified  as  well.  The  structural  information  derived  from  this  approach 
is  exceptional,  especially  when  considering  analyte  concentrations  and  the  extreme  dynamic 
range  presented  by  the  sample. 
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Figure  4.  Multiplicity-edited  HSQC  Sub-spectrum  of  DiO-exchanged,  Concentrated 

Spiked  Sample  (a)  and  Corresponding  'H-'^C  Fast-HMQC  Sub-speetrum  (b). 
Negative-phased  correlations  are  red,  and  positive-phased  correlations  are  black. 
Correlations  for  I  and  11  are  designated  in  the  HSQC  sub-speetrum. 


Finally,  we  explored  the  use  of  Ernst  angle  excitation  pulses  incoiporated  into 
HMQC  pulse  sequences,  an  approach  referred  to  as  fast-HMQC  spectroscopy, to  rapidly 
detect  'H-'^C  correlations  for  target  analytes.  A  series  of  Ernst  angles  excitation  pulses,  ttcmsi. 
and  corresponding  repetition  rates,  Tc,  were  derived  from  T\  values  estimated  at  ~130  ms  for  all  I 
and  II  'H  signals  in  the  concentrated  samples  using  the  equation'^ 

eos(acmst)  =  exp(7’c/ Ti)  (1) 

We  made  a  deliberate  attempt  to  derive  the  shortest  possible  repetition  rate,  as  the 
sensitivity  gain  for  a  fast-HMQC  experiment  relative  to  that  of  a  comparable  HMQC  experiment 
using  90"  excitation  pulses  increases  exponentially  with  decreasing  repetition  time.'"^  With  T]  = 
130  ms,  a  204  ms  repetition  rate  was  found  to  give  an  Ernst  angle  excitation  pulse  of  80°.  We 
used  these  values  for  our  experiment  as  the  repetition  rate  leaves  only  23  ms  for  execution  of  the 
pulse  sequence  and  relaxation  delay,  essentially  the  shortest  repetition  time  possible  for  our 
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conditions.  Using  the  relationship  between  sensitivity,  S,  and  signal  intensity,  4,  presented  by 
Ross  and  co-workers 


S  =  lJ{Tcf"  (2) 

The  theoretical  sensitivity  gain  of  this  fast-HMQC  experiment  is  25%  higher 
compared  to  a  similar  HMQC  experiment  using  a  conventional  90“  excitation  pulse,  yielding  a 
36%  reduction  in  acquisition  time.  This  sensitivity  gain  was  apparent  during  data  acquisition, 
where  most  correlations  for  I  and  II  were  detected  in  <1  h,  with  the  methyl  group  correlations  of 
both  compounds  detected  in  <10  min.  A  sub-spectrum  from  the  fast-HMQC  experiment  is 
presented  in  Figure  4b  along  with  the  corresponding  multiplicity-edited  HSQC  sub-spectrum  in 
Figure  4a  for  direct  comparison.  Casual  inspection  of  the  sub-spectra  reveals  significantly  lower 
resolution  in  both  dimensions  of  the  fast-HMQC  data,  a  likely  consequence  of  the  magnitude 
mode  HMQC  spectrum  relative  to  the  phase  sensitive  HSQC  spectrum.  This  is  particularly 
evident  for  the  methyl  group  correlations  for  I  and  II,  which  are  clearly  resolved  in  the  HSQC 
sub-spectrum  but  appear  to  be  one  large  correlation  in  the  fast-HMQC  sub-spectrum.  Closer 
examination  of  the  data  reveals  a  correlation  in  the  fast-HMQC  sub-spectrum  at  5h~2.8  ppm  and 
5c~49ppm  which  is  not  present  in  the  HSQC  sub-spectrum.  This  correlation  arises  from  a 
compound  that  appeared  in  the  sample  after  acquisition  of  the  multiplicity-edited  HSQC  data  set, 
and  is  most  likely  from  the  degradation  of  one  of  the  compounds  in  the  sample.  Degradation  of 
CWC-related  compounds  in  solution  has  been  observed  by  us  in  the  past  and  recently  reported 
by  others.^'* 


The  values  chosen  for  the  Ernst  angle  excitation  pulse  and  repetition  rate  in  our 
fast-HMQC  experiments  served  well  for  rapidly  detecting  'H-*^C  correlations  of  CWC-relevant 
analytes  with  'H  T]  values  at  ~130  ms.  These  T\  values,  however,  are  significantly  shorter  than 
those  expected  for  low  molecular  weight  analytes  in  solution  at  1 1 .75  T  and  our  25  °C  analysis 
temperature,  and  are  probably  the  result  of  effects  from  one  or  more  components  in  the  original 
spiked  sample  (e.g.,  paramagnetic  nuclei),  'h  T\  values  for  the  authentic  reference  standard 
samples  were  estimated  to  be  between  0.6- 1.2  s  at  this  magnetic  field  strength  and  temperature. 
These  are  much  closer  to  values  anticipated  for  low  molecular  weight  analytes  in  solution.  Both 
the  Ernst  angle  excitation  pulse  and  repetition  rate  need  to  be  recalculated  for  acquiring  fast- 
HMQC  data  from  samples  containing  analytes  with  these,  or  longer  T\  values.  Under  such 
conditions,  the  highest  sensitivity  gain  deriving  from  the  use  of  Ernest  angle  excitation  pulses 
relative  to  90°  excitation  pulses  would  be  realized  by  using  a  very  short  repetition  rate  similar  to 
that  in  our  fast-HMQC  experiments,  and  recalculating  the  required  Ernst  angle  excitation  pulse. 
In  practice,  the  duty  cycle  of  the  spectrometer's  power  amplifier  limits  the  repetition  rate  of 
experiments  and,  therefore,  the  sensitivity  gain  from  using  fast-HMQC  experiments  relative  to 
conventional  HMQC  experiments  as  well. 

Relative  to  conventional  one-dimensional  '^C  spectroscopy,  both  two-dimensional 
techniques  represent  a  tremendous  advance  in  signal  sensitivity  and  specificity,  the  ability  of  a 
technique  to  completely  resolve  an  analyte  signal  from  all  impurity  signals  and  artifacts.  While 
the  broad  chemical  shift  dispersion  inherent  to  the  '^C  nucleus  does  benefit  specificity  for  one¬ 
dimensional  '^C  spectroscopy,  this  does  not  compare  to  the  additional  specificity  gain  afforded 
by  the  second  dimension  in  the  HSQC  and  HMQC  spectra.  This  is  especially  the  case  for  the 
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phase-sensitive  HSQC  technique,  which  provides  the  best  means  for  identifying  analyte  signals 
obscured  by  impurity  signals  typically  observed  in  OPCW  samples.  Alternatively,  because 
chemical  shift  values  are  dependent  upon  concentration  for  some  CWC-relevant  compounds 
in  water,  changes  in  concentration  may  also  be  used  to  resolve  analyte  signals  obscured  by 
impurity  signals.  Fast-HMQC  spectroscopy,  on  the  other  hand,  clearly  represents  the  best 
approach  for  optimizing  signal  sensitivity.  This  is  reflected  by  the  very  short  data  acquisition 
times  used  to  collect  the  fast-HMQC  data  sets.  Our  fast-HMQC  data  set  for  Figure  4b  was 
collected  in  <33%  of  the  time  used  to  acquire  the  HSQC  data  set  for  Figure  3a  and  <25%  of  the 
time  used  to  acquire  the  multiplicity-edited  HSQC  data  set  for  Figure  4b.  In  the  fast-HMQC 
spectrum,  correlations  for  the  N-CHt  group  of  I  and  the  S-CH2  group  of  II,  the  least  intense 
analyte  correlations  in  the  spectrum,  both  have  a  signal-to-noise  ratio  of  ~5:1.  Because  signal-to- 
noise  ratio  is  directly  proportional  to  the  square  root  of  the  number  of  data  acquisitions  collected, 
a  fast-HMQC  data  set  giving  a  spectrum  with  a  3:1  signal-to-noise  ratio  for  the  correlations  (their 
theoretical  detection  limit)  can  be  collected  in  about  half  of  the  time  as  that  used  for  the  spectrum 
in  Figure  4b  (about  2  h  5  min).  All  of  our  HSQC  data  sets,  however,  contained  more 
acquisitions  than  necessary  for  generating  useful  spectra.  We  collected  some  useful  HSQC  data 
sets  in  <8  h  (not  shown),  which  is  almost  twice  the  time  used  to  acquire  the  fast-HMQC  data  set. 
Although  the  resolution  and  signal-to-noise  ratio  were  noticeably  lower  in  these  HSQC  spectra  in 
comparison  to  those  shown  in  Figures  3a  and  4a,  correlations  for  I  and  II  were  still  discemable 
above  background  noise.  We  typically  collected  all  HSQC  data  sets  overnight,  leaving  working 
hours  available  for  sample  preparation,  one-dimensional  data  collection,  and  data  interpretation. 
An  ideal  approach  for  OPCW  proficiency  tests,  therefore,  might  be  to  use  fast-HMQC 
experiments  during  working  hours  to  rapidly  screen  samples  for  target  analytes  before  using 
overnight  HSQC  acquisitions  to  collect  high  quality  data  sets. 


4.  CONCLUSIONS 

Wc  have  demonstrated  the  feasibility  of  executing  two-dimensional  'H-'^C 
heteronuclear  single  quantum  correlation  (HSQC)  and  fast-  hetcronuclear  multiple  quantum 
correlation  (HMQC)  techniques  with  a  sensitivity-enhanced  cryogenic  probehead  to  characterize 
Chemical  Weapons  Convention  (CWC)-related  analytes  at  trace  concentrations  in  complex 
mixtures.  The  techniques  eliminated  nearly  all  of  the  signal  overlap  often  encountered  in 
conventional  'H  spectroscopy,  and  allowed  the  simultaneous  extraction  of  both  'H  and  '"^C 
chemical  shift  infomiation,  much  of  which  was  not  possible  using  one-dimensional  techniques 
alone.  While  the  fast-HMQC  pulse  sequences  generated  magnitude  mode  spectra  suitable  for 
detailed  analysis  in  ~4.5  h,  the  HSQC  pulse  sequences  required  roughly  twice  the  data 
acquisition  time  to  produce  suitable  spectra.  These  spectra,  however,  were  phase  sensitive  and 
therefore  contained  considerably  more  resolution  in  both  the  'H  and  '^C  dimensions. 
Multiplicity-edited  HSQC  experiments  provided  additional  structural  information  valuable  in  the 
identification  of  target  analytes.  The  extraordinary  sensitivity  and  selectivity  afforded  by  these 
techniques  considerably  improves  the  performance  of  NMR  spectroscopy  as  a  complementary 
technique  for  the  identification  and  confirmation  of  small  molecule  analytes  present  in 
environmental  samples.  Our  approach  of  using  fast-HMQC  experiments  for  screening  samples 
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for  potential  target  analytes  and  HSQC  experiments  for  acquiring  high  quality  data  sets  can  be 
easily  adapted  to  various  applications  to  analyze  complex  mixtures,  especially  when 
conventional  one-dimensional  NMR  methods  fail  to  produce  spectra  with  well-resolved  analyte 
signals. 
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